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We have compared Sindbis virus-induced cytopathology in vertebrate and mosquito (Aedes albopictus) cell cultures. It has
been shown that vertebrate cells undergo apoptosis when infected by Sindbis virus and this was confirmed here using
hamster cells (BHK). The occurrence of cell death in Sindbis virus-infected A. albopictus cells is a cell clone-specific
phenomenon and, unlike in BHK cell cultures, mosquito cell death does not correlate with a large induction of apoptosis, as
determined by assays testing for DNA fragmentation or reduced cellular DNA content. Cell cycle distribution changes were
observed in Sindbis virus-infected BHK and C7-10 cell cultures, and the changes are distinct, both in the time of induction
and the types of perturbations. In Sindbis virus-infected BHK cells, the major cell cycle profile change is the early
accumulation of cells with sub-G1 DNA content and a corresponding reduction in the proportion of cells in G1 and G2/M. For
Sindbis virus-infected C7-10 cells, the major perturbations are an increased proportion of cells showing G2/M or polyploid
DNA content and a reduction in the proportion of G1 and S phase cells. These data suggest that the pathology induced in
mosquito cell cultures by Sindbis virus infection may be distinct from the pathology which appears in vertebrate cell cultures.
© 1998 Academic Press
INTRODUCTION
Sindbis virus is the prototype member of the alphavi-
ruses, which are enveloped viruses containing a single-
stranded, positive-sense RNA genome (Strauss and
Strauss, 1994). In nature, the alphavirus life cycle alter-
nates between vertebrate and hematophagous arthro-
pods, usually mosquitos (Calisher, 1994). While the in-
fection of vertebrates can result in an encephalitic illness
that may lead to the death of the infected animal, the
infection of mosquitos has generally been assumed to
have no overall pathological consequence (Brown and
Condreay, 1986). However, specific mosquito tissues do
show pathology following alphavirus infection (Bowers,
1991; Weaver et al., 1988, 1992).
Both mosquito and vertebrate cell culture systems
have been employed to study Sindbis virus replication
and pathogenesis; in particular, studies using mosquito
cells have typically employed cell lines derived originally
from Aedes albopictus larvae by Singh (Brown and Con-
dreay, 1986). When infected with Sindbis virus, A. albo-
pictus cells establish a long-term persistent infection
which may be maintained by intracellular factors (Karpf
et al., 1997a,b). The acute phase of infection of some
mosquito cell clones results in a cytopathic effect (CPE)
(Miller and Brown, 1992; Sarver and Stollar, 1977; Stalder
et al., 1983; Tooker and Kennedy, 1981). There appears to
be a direct relationship between high levels of virus
production and the appearance of cytopathology in a
given cell clone; cell clones in which virus replication
takes place at lower levels do not show CPE (Tooker and
Kennedy, 1981).
In contrast to mosquito cells, nearly all vertebrate cell
lines infected with Sindbis virus do not survive the acute
infection (Brown, 1984). The mechanism of vertebrate
cell death following alphavirus infection has been shown
to be an apoptotic pathway involving the activation of an
endonuclease (Levine et al., 1993). Apoptosis, or pro-
grammed cell death, is characterized primarily by the
fact that the cell actively contributes to the death process
(Wyllie, 1995). Some of the molecular events leading to
the induction of apoptosis in Sindbis virus-infected cells
have been explored. Rat AT-3 cells transfected with the
oncogene bcl-2 are resistant to Sindbis virus-induced
apoptosis, allowing a persistent infection to be estab-
lished (Levine et al., 1993). The anti-apoptotic effects of
bcl-2 expression are negated, however, by a single
amino acid change in the E2 glycoprotein; this change
also confers a neurovirulent phenotype to the virus when
it is used to infect suckling mice (Griffin and Johnston,
1977; Ubol et al., 1994). Other studies have implicated the
transcription factor NF-kB and the GTP-binding protein
Ras in the expression of Sindbis virus-induced apoptosis
in vertebrate cells (Joe et al., 1996; Lin et al., 1995).
In the current study, acute phase cytopathology in A.
albopictus cell clones has been examined and compared
to the same phenomenon in a model vertebrate cell line,
BHK. The vertebrate cells served as a positive control for
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studies investigating the involvement of apoptosis in
Sindbis virus-induced mosquito cell death.
RESULTS
Sindbis virus-induced cell death in BHK and C7-10
cell cultures
We first quantitated the level of cell death induced by
Sindbis virus-infection in both vertebrate and mosquito
cell cultures. BHK and C7-10 cells were each mock-
infected or infected with SVHR (m.o.i. 5 100) and, at time
points postinfection, cells were collected and stained
with the vital dye trypan blue. Cells excluding the dye
were counted ‘‘live’’ in this assay (Cheung and Boyages,
1995). In the BHK cell line, a high level of cell death is
induced by 24 h postinfection and increases at the later
time points (Fig. 1). C7-10 cells also exhibit high levels of
cell death, but its induction is delayed as compared to
BHK cells. In contrast to BHK and C7-10 cells, cell sur-
vival is relatively unaffected by Sindbis virus infection in
two other mosquito cell clones examined, C6/36 and
U4.4 (data not shown). A high titer infection (.109 PFU/
ml/day) occurred during the acute infection of both cell
types. Identical infection conditions as those used above
were also employed for each of the experiments de-
scribed in the following sections and, in each case, the
quantitated level of BHK and C7-10 cell survival was
consistent with the level indicated in Fig. 1 (data not
shown).
Detection of apoptosis in Sindbis virus-infected BHK
and C7-10 cell cultures by DNA fragmentation
analysis
In order to determine if the induction of cell death in
C7-10 cell cultures is coincident with the characteristic
DNA fragmentation associated with apoptosis (Wyllie,
1980), as was previously shown for Sindbis virus-infected
vertebrate cells (Levine et al., 1993), Sindbis virus-in-
fected C7-10 cells were assayed for the presence of
cellular DNA fragmentation by TUNEL (TdT-mediated
dUTP nick end-labeling) assay (Ben-Sasson et al., 1995;
D’Souza et al., 1995) as described under Materials and
Methods. Sindbis virus-infected BHK cells were exam-
ined in parallel. The particular assay performed here
utilized terminal deoxynucleotide transferase (TdT) to
incorporate digoxigenin-labeled dUTP nucleotides at the
39 OH of single-stranded DNA fragments (Brooks et al.,
1994). The presence of digoxigenin-modified dUTP-nu-
FIG. 1. Cell survival of Sindbis virus-infected and mock-infected BHK and C7-10 cultures. BHK and C7-10 cells were mock-infected or infected with
SVHR (m.o.i. 5 100) as described under Materials and Methods. At 0, 24, 48, and 72 h postinfection, cells were harvested and stained with the vital
dye trypan blue. Total cells were counted and were classified as stained or unstained. Percentage cell death was calculated by dividing the mean
number of stained cells in duplicate samples by the mean total number of cells in duplicate samples. Cell survival is plotted as the inverse of this
amount. Error bars indicate 1/2 one standard deviation.
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cleotides rendered apoptotic cells accessible to binding
by an anti-digoxigenin antibody conjugated to the fluoro-
phore fluorescein (FITC). In reactions in which only TdT
was omitted, FITC staining was negligible (data not
shown).
The results of TUNEL analysis of Sindbis virus-in-
fected BHK cells are shown in Fig. 2A. In this figure, the
left-hand micrographs demonstrate propidium iodide
counterstaining while the right-hand micrographs show
FITC staining. In Fig. 2A, panels a and b show BHK cells
at 24 h post-mockinfection, and virtually no apoptosis, as
indicated by FITC-staining, is apparent. Sindbis virus-
infected BHK cells assayed at 24 h postinfection are
shown in panels c and d. Propidium iodide staining of
these cells demonstrates the loss of cells from the mono-
layers due to cell death (panel c) and, in addition, the
majority of the remaining BHK cells are positive for DNA
fragmentation (panel d).
The results of TUNEL analysis of Sindbis virus-in-
fected C7-10 cells are shown in Fig. 2B. It is useful here
to note that the relative size of the mosquito cells is small
compared to BHK cells; thus more cells are visible in the
micrographs shown in Fig. 2B than are in Fig. 2A. The
C7-10 cells shown were analyzed at 72 h postinfection,
the time point of maximum cell death in these cultures.
C7-10 cells assayed by TUNEL at 72 h post-mock infec-
tion are shown in panels a and b. A number of FITC-
stained cells are apparent here, indicating that a back-
ground level of apoptosis occurs in C7-10 cultures during
mock-infection. The majority of these cells appear to
localize to the interior of large cell aggregates often
found in overconfluent C7-10 cell cultures; however, the
interior of all cell clumps did not show FITC-staining. The
cultures were overconfluent because these cells are
infected or mock-infected when subconfluent, therefore,
by the time the assay was performed, mock-infected
cells have overgrown. Panels c and d show C7-10 cells
analyzed at 72 h postinfection. The level of FITC-staining
is only slightly induced compared to the mock-infected
cells, a result that was highly reproducible. In addition,
Sindbis virus-infected C7-10 cells analyzed at 24 and
48 h postinfection showed even less FITC staining (data
not shown). In summary, we only detected a slight in-
crease of DNA fragmentation in Sindbis virus-infected
C7-10 cell cultures over background.
Detection of apoptosis in Sindbis virus-infected BHK
and C7-10 cell cultures by DNA content analysis
To further analyze the level of apoptosis induced in
C7-10 cell cultures by Sindbis virus infection, we utilized
flow cytometry to determine changes in cellular DNA
content characteristic of apoptosis. In contrast to the
TUNEL assays described above which test for DNA frag-
mentation, this assay tests for the loss of DNA from cell
nuclei, another phenomenon coincident with apoptosis.
Cells undergoing apoptosis release membrane-bound
apoptotic ‘‘bodies,’’ which may contain portions of the
fragmented nucleus (Wyllie et al., 1980). If this occurs, the
remaining cells will contain less than the normal diploid
complement of DNA and can be detected by virtue of
their reduced DNA content. In our assay, cellular DNA
was stained with the fluorophore propidium iodide, to
reveal DNA content based on fluorescence intensity
(Shapiro, 1995). Because of DNA loss, apoptotic cells will
move into a sub-G1 (hypodiploid) region during FACS
analysis following ethanol-fixation and propidium iodide
staining (Dirami et al., 1995; Fraker et al., 1995; Giordano
et al., 1995; Green et al., 1994). The apoptotic bodies
themselves may also migrate into the sub-G1 region, but
appropriate gating will greatly reduce their contribution
to the events analyzed. In addition to DNA loss in apo-
ptotic bodies, cells in the later stages of apoptotic cell
death may also migrate into a sub-G1 region due to
nuclear chromatin condensation, which reduces pro-
pidium iodide staining efficiency (Fraker et al., 1995;
McGahon et al., 1995). This flow cytometry assay can
also be used to quantitate the proportion of other cell
cycle populations, not just the sub-G1 population (Sha-
piro, 1995).
BHK and C7-10 cells were infected or mock-infected
as described above and, at time points postinfection,
cells were collected, fixed, stained, and analyzed as
described under Materials and Methods. Figure 3A
shows typical DNA content histograms of mock-infected
BHK cells (a) and of cells analyzed at 24, 48, and 72 h
post-Sindbis virus infection (b–d), respectively. Cell count
is plotted against DNA content, as measured by pro-
pidium iodide fluorescence. Five different populations of
cells are labeled on the histograms: cells within the
sub-G1 region (Apop), cells in a region which corre-
sponds to G0 or G1 (G1), S phase (S), G2 and M phase
(G2/M), and cells in a region of greater DNA content than
G2/M cells (Polyploids). A dramatic increase in the num-
ber of BHK cells appearing in the sub-G1 region is
apparent following Sindbis virus infection, indicating that
a large population of BHK cells appear which display this
particular marker of apoptosis.
Typical DNA content histograms of mock-infected
C7-10 cells and of cells analyzed following Sindbis virus
infection are shown in Fig. 3B. Beginning at 48 h postin-
fection and continuing at 72 h postinfection, an increase
in the sub-G1 C7-10 cell population is apparent (c,d). The
size of this population, however, is far smaller than that
seen in the Sindbis virus-infected BHK cell cultures.
Other cell cycle perturbations are discussed in the next
section.
The proportion of mock-infected and Sindbis virus-
infected BHK and C7-10 cells appearing in the sub-G1
region was next determined by analyzing cell popula-
tions from DNA content histograms as described above
(Fig. 4). Approximately 65% of Sindbis virus-infected BHK
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FIG. 2. TUNEL analysis of Sindbis virus-infected BHK and C7-10 cell cultures. Cells were mock-infected or infected with SVHR (m.o.i. 5 100).
Following infection or mock-infection, cells were fixed with 3% paraformaldehyde and subjected to TUNEL analysis as described under Materials and
Methods. Left-hand panels show propidium iodide counterstaining. Right-hand panels show FITC staining, indicative of cellular DNA fragmentation.
(A) BHK cells. (a and b) Immunofluorescence images of mock-infected cells at 24 h post-mock infection. (c and d) Images of SVHR-infected BHK cells
at 24 h postinfection. (B) C7-10 cells. (a and b) Immunofluorescence images of mock-infected C7-10 cells at 72 h post-mock infection. (c and d) Images
of SVHR-infected C7-10 cells at 72 h postinfection.
FIG. 3. DNA content histograms of Sindbis virus-infected BHK and C7-10 cell cultures. Cells were mock-infected or infected with SVHR (m.o.i. 5
100). Following infection or mock-infection, cells were collected, fixed in 95% ethanol, stained with propidium iodide (PI) in the presence of RNAse
A, and analyzed by flow cytometry. In the histograms, PI fluorescence, which is directly proportional to DNA content, is plotted (x-axis) versus relative
cell count (y-axis). The different cell cycle populations are labeled on the graphs (see text for details). (A) BHK cells: (a) mock-infected; (b) 24 h
postinfection; (c) 48 h postinfection; (d) 72 h postinfection. (B) C7-10 cells: (a) mock-infected; (b) 24 h postinfection; (c) 48 h postinfection; (d) 72 h
postinfection.
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cells were found to reside within the sub-G1 region at
72 h postinfection. This is a significant increase over that
which is seen in the mock-infected BHK control. In con-
trast, only 10 to 15% of Sindbis virus-infected C7-10 cells
reside within the sub-G1 region at 72 h postinfection, a
level only slightly higher than the mock-infected control.
The increase does indicate that Sindbis virus infection
induces some C7-10 cells into apoptosis; however, this
proportion is significantly less than the proportion of
cells which are dying (Fig. 1A). The results of the flow
cytometry analysis of C7-10 cells are consistent with the
TUNEL assays performed on this cell type (Fig. 2B) in
that apoptosis is only slightly induced. In contrast, the
level of apoptosis quantitated in Sindbis virus-infected
BHK cell cultures by DNA content analysis compares
closely to the level of cell death occurring in these
cultures (Fig. 1), and to the proportion of BHK cells
showing DNA fragmentation (Fig. 2). It was noted that the
TUNEL assays detected apoptosis at an earlier time than
did the DNA content assay, likely due to the fact that DNA
fragmentation (positive signal in TUNEL) precedes the
loss of DNA from apoptotic cells, which is necessary for
a positive signal in the DNA content assay (Ben-Sasson
et al., 1995; Fraker et al., 1995).
Cell cycle profiles of Sindbis virus-infected BHK and
C7-10 cell cultures
In order to compare the effects of acute phase cell
death on the cell cycle profiles of vertebrate and mos-
quito cells, we quantitated the proportion of cells in each
cell cycle population from DNA content histograms, as
was done for the sub-G1 region alone in the previous
section. The approximate location of each of the cell
populations that were quantitated is shown on the DNA
content histograms of Fig. 3. Sindbis virus-infected BHK
cells were analyzed at 0, 24, 48, and 72 h postinfection,
and significant cell cycle perturbations appear at 24 h
postinfection (Table 1). The major perturbation in the cell
cycle profile of BHK cells was the appearance of the
TABLE 1
Cell Cycle Profile of Sindbis Virus-Infected BHK Cell Cultures
Hours post infection Sub-G1 G0/G1 S G2/M Polyploid
0 4 34 28 23 6
24 20 25 37 16 5
48 53 14 29 8 4
72 65 4 21 4 8
Note. The data values are the mean of 2–4 experiments.
FIG. 4. Quantitation of apoptosis in Sindbis virus-infected and mock-infected BHK and C7-10 cell cultures. BHK and C7-10 cells were mock-infected
or infected with SVHR (m.o.i. 5 100). At time points postinfection or mock-infection, cells were harvested, fixed in 95% ethanol, stained with propidium
iodide in the presence of RNAse A, and analyzed by flow cytometry. The proportion of analyzed cells residing in the sub-G1 DNA content region on
DNA histograms was categorized as apoptotic.
198 KARPF AND BROWN
sub-G1 cell population. The proportion of cells contained
within both the G0/G1 and G2/M cell populations show a
significant decline at the 24 h time point and continue to
drop dramatically at 48 and 72 h postinfection. In con-
trast, the proportion of cells in S phase remains relatively
constant throughout the infection period. The result of a
similar analysis of Sindbis virus-infected C7-10 cells is
shown in Table 2. In contrast to BHK cells, there is no
significant alteration of the cell cycle profile of C7-10
cells until 48 h postinfection. At that time, the major
perturbation seen is a significant decline of the propor-
tion of C7-10 cells in G0/G1 and S and a rise in the
proportion of cells in G2/M and polyploid regions. In
addition, the sub-G1 cell population increases. These
results indicate that cell cycle profile changes are coin-
cident with Sindbis virus infection of both C7-10 and BHK
cells, and that the perturbations in these two cell types
appear distinct.
DISCUSSION
It is confirmed here that the induction of cell death by
Sindbis virus infection in vertebrate cell cultures (BHK)
coincides closely with the induction of apoptosis, as
determined by assays that test for DNA fragmentation or
for a reduction in cellular DNA content (Figs. 2A and 4).
In contrast, a mosquito cell clone showing low cell sur-
vival following infection (C7-10) shows only a slight in-
duction of apoptosis above background (Figs. 2B and 4).
Therefore, apoptosis alone appears unable to account
for the severe cytopathology observed in these cultures.
These data suggest that mosquito cell cytopathology
may involve different mechanisms than those observed
in the vertebrate cell cultures, e.g., necrotic cell death
(Wyllie et al., 1980). We have initiated an investigation of
whether or not necrosis is in fact induced and have
observed, by electron microscopy, Sindbis virus-infected
C7-10 cells showing morphology characteristic of necro-
sis (data not shown). Regardless of the level of necrosis
occurring in these cultures, the fact that apoptosis is
slightly induced indicates that the cytopathology of mos-
quito cell cultures is complicated and may involve both
cell death mechanisms.
Vertebrate and mosquito cell cultures which show
cytopathology were shown here to exhibit distinct cell
cycle perturbations following Sindbis virus infection. BHK
cells, within 24 h postinfection, show a large decrease in
the proportion of cells in G0/G1 and in G2/M, while the
proportion of sub-G1 (apoptotic) cells dramatically rises
(Table 1). The proportion of cells in S phase, in contrast,
remains relatively constant throughout the infection pe-
riod. One possible explanation for these data is that
G0/G1 and G2/M phase BHK cells are more sensitive to
cell death than are cells in S phase. Using a similar
assay, Ubol and coworkers concluded that G0/G1 phase
mouse neuroblastoma cells are more sensitive to Sind-
bis virus-induced cell death than are cells in S phase
(Ubol et al., 1996). Because only a small proportion of
neuroblastoma cells were found to normally reside
within G2/M phase, the relative sensitivity of cells in this
population to cell death could not be accurately deter-
mined (Ubol et al., 1996). Both this earlier study and the
current observations are consistent with the hypothesis
that S phase vertebrate cells are relatively resistant to
Sindbis virus-induced cell death, although other expla-
nations cannot be ruled out (see below).
In contrast to BHK cells, the cell cycle profile changes
seen during the acute infection of C7-10 cells include a
decline in the proportion of cells in G0/G1 and S phase,
and a rise in the proportion of cells residing in G2/M and
polyploid DNA content regions (Table 2). As proposed
above for BHK cells, it is possible that these cell cycle
perturbations reflect the relative sensitivity of these cells
to Sindbis virus-induced cell death; that is, G0/G1 and S
phase C7-10 cells may be more sensitive to cell death
than are cells which are in G2/M. It may also be argued,
however, that the perturbations are a consequence of
some other aspect of virus replication not related to the
induction of cell death. At present, we favor the former
hypothesis because: (1) a high titer (.109 PFU/ml) of
Sindbis virus is produced in C7-10 cultures by 24 h
postinfection (data not shown), a time frame in which cell
cycle perturbations are not apparent; (2) the induction of
cell cycle perturbations in both BHK and C7-10 cells
(Tables 1 and 2) correlates closely with the time of
induction of cell death in these cultures; and (3) U4.4
clone mosquito cells, in which cell death is not induced
by Sindbis virus infection but high titer infection occurs,
do not show significant cell cycle perturbations following
infection (data not shown). It is also possible that the cell
cycle perturbations reflect changes in the ability of the
cells to enter or exit a particular cell cycle compartment.
To accurately discriminate between these two explana-
tions, it will likely be necessary to synchronize cell cul-
tures and then to analyze the effects caused by a sub-
sequent infection.
In summary, the nature of Sindbis virus-induced cyto-
pathology in cells derived from the mosquito vector does
not appear to be analogous to the phenomenon in ver-
tebrate cell cultures. It will be interesting to explore
whether this distinction is related to the different ability of
TABLE 2
Cell Cycle Profile of Sindbis Virus-Infected C7-10 Cell Cultures
Hours post infection Sub-G1 G0/G1 S G2/M Polyploid
0 3 40 35 17 6
24 4 41 35 17 6
48 9 29 19 32 10
72 14 25 22 31 10
Note. The data values are the mean of 2–4 experiments.
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the two cell types to establish a persistent alphavirus
infection.
MATERIALS AND METHODS
Cells, virus, and media
Baby hamster kidney (BHK-21) and A. albopictus cell
clone C7-10 were each cultured in the presence of 5%
CO2 in Eagle’s minimal essential medium (MEM-E) sup-
plemented with 10% fetal bovine serum (Gibco), 5% tryp-
tose phosphate broth, and 2 mM L-glutamine. BHK cells
were maintained at 37°C; C7-10 cells were maintained at
28°C. The C7-10 cell clone was prepared from a cell line
derived from an isolate of A. albopictus larvae (Sarver
and Stollar, 1977; Singh, 1967). The heat-resistant strain
of Sindbis virus (SVHR), originally prepared by Elmer
Pfefferkorn of Dartmouth Medical College, was used.
Virus stocks were harvested from infected BHK cells as
described previously (Renz and Brown, 1976).
Virus infections
All infections of C7-10 and BHK cells utilized an m.o.i.
of 100 plaque-forming units (PFU) of SVHR per cell. In
each case, cells were infected or mock-infected as sub-
confluent monolayers while gently rocking at room tem-
perature for 1 h. Following infection or mock-infection,
fresh culture media was added back to the cell cultures.
C7-10 cells were placed at 28°C for the remainder of the
infection period. BHK cells were placed at 34°C for the
first 18 h postinfection, and then were transferred to
28°C for the remainder of the infection or mock-infection
period. This scheme of temperature incubation for BHK
cells was developed in order to reduce the level of
background cell death (as observed in mock-infected
BHK cultures).
Cell survival
Cells were harvested at 0, 24, 48, and 72 h post SVHR
(m.o.i. 5 100) or mock infection and stained with the vital
dye trypan blue (Cheung and Boyages, 1995). Duplicate
samples of both trypan blue-stained (dead) and un-
stained (live) cells were counted directly using a
Neubauer hemocytometer. To calculate the proportion of
cell death occurring in each cell type, the mean number
of trypan blue-stained cells was divided by the mean
total number of cells (stained 1 unstained) for each time
point. Cell survival was plotted as the inverse of this
amount.
TUNEL assays
Apoptotic cells were detected by in situ TUNEL (TdT-
mediated dUTP nick end-labeling) assay. This assay al-
lows the specific detection of apoptotic cells based on
the appearance of chromosomal DNA fragmentation oc-
curring as a result of endonuclease activation (Ben-
Sasson et al., 1995). The Apoptag Plus-Fluorescein kit
(Oncor, Gaithersburg, MD) was used according to the
instructions of the manufacturer. Cells were fixed in 3%
paraformaldehyde and held at 4°C for at least 24 h prior
to analysis. Cellular DNA fragments were then end-la-
beled with dUTP-digoxigenin and stained with fluoresce-
in-conjugated anti-digoxigenin antibody. Following anti-
body staining, cells were counterstained with propidium
iodide. Propidium iodide and FITC staining was ob-
served by immunofluorescence microscopy and stan-
dard photographic methods were employed for docu-
mentation.
Flow cytometry
Sample preparation. Cells were collected, washed
three times in phosphate-buffered saline (PBS), fixed in
95% ethanol, and stored at 4°C. Twelve to forty-eight
hours prior to analysis, cell samples were pelleted, air-
dried, and resuspended in 1 ml of a solution of 10 mg/ml
propidium iodide and 100 mg/ml heat-inactivated RNAse
A in PBS.
FACS. A Coulter Epics Elite flow cytometer equipped
with a 16 mW Argon laser (488 nm), for propidium iodide
excitation, was used in all experiments. Propidium iodide
fluorescence emission was detected at wavelengths
above 625 nm. Fluorescent emission from individual
cells (events) was measured, and the data from approx-
imately 10,000 events were collected and analyzed using
Coulter Elite software, Version 3.1. The fraction of each
cell sample falling within different cell cycle populations
was obtained from DNA content histograms (Shapiro,
1995).
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